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A STUDY OF THE VOLATILE MATTER OF COAL AS A FUNCTION 
OF THE HEATING RATE 
Enrique Geovani Yanes Santos August 1997 44 Pages 
Directed by: Dr. John T. Riley 
Department of Chemistry Western Kentucky University 
A study of volatile matter yields as a function of the heating rate was conducted. A suite of 
21 coal and coke samples varying in rank from anthracitic to lignitic and heating rates from 
10°C/min to about 450°C/min were used in the study. Heating rates up to 60°C per minute, 
which are typically used in ASTM Test Method 5142 (instrumental Proximate Analysis), were 
achieved in a macro thermogravimetric analysis (TGA) system. Heating rates of 50-
200°C/min were obtained in a micro TGA system. All measurements were made in a nitrogen 
atmosphere. The results of the study illustrate the dependance of the volatile matter yield on 
the heating rate. For most coals and cokes the optimum heating rate for determining volatile 
matter values that agree with those obtained by ASTM Method D 3175 appears to be in the 
100-150°C range. 
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I INTRODUCTION 
The use of coal has rapidly expanded throughout the 19th and 20th centuries. From 
the last few decades to the present, coal is again being considered as an alternative to 
petroleum as a fuel source for the generation of power and as a source of chemicals. Because 
of this position and many other factors such as economic and environmental aspects, it has 
become necessary to devise acceptable methods for coal analysis. Such analyses are 
fundamental and of great importance in providing valuable data that help determine the 
potential of different coals as well as optimum parameters for highly efficient utilization 
processes, and many others. In these analyses variables are often measured by empirical tests 
that do not directly measure the variable themselves but rather the behavior or properties of 
coal under standard conditions. For example proximate analysis is used to determine general 
properties of coals such as moisture content, volatile matter content, ash content, and (by 
difference) fixed carbon content. These analyses are widely used for coal characterization in 
connection with coal utilization.1 
Volatile matter is considered one of the most important criteria in coal analysis 
because it is used for evaluating coals for utilization (for their suitability for combustion and 
carbonization). Its values are important in selecting proper burning equipment for specific 
coals or in the selection of the best coal for burning in a specific type of equipment. They are 
also useful in choosing proper conditions for efficient combustion. Such values are helpful 
to fuel engineers in setting up and maintaining proper burning rates. Volatile matter values 
1 
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are used as an indication of the amount of smoke that may be emitted from furnaces or other 
types of coal burning equipment. Limits may be set on the volatile matter content of the coal 
used in certain coal burning facilities in order to control smoke emissions. The volatile matter 
content also is important in the selection of processes and conditions for gasification and 
liquefaction of coals.2 
Volatile matter values are useful in estimating yields of coke and by-products to be 
obtained in carbonizing coal. They are used for selecting coals and for determining in what 
proportions they are to be blended for satisfactory coking. The volatile matter value of coke 
is used as a means of evaluating the extent of coking, depending on the intended use of the 
coke. Beyond all this, the volatile matter data is considered an integral part of coal 
classification systems.2,3 
The volatile matter obtained during the pyrolysis of coal consists mainly of 
combustible gases such as hydrogen, carbon monoxide, and methane plus other hydrocarbons, 
tar vapors, ammonia, and oxygen compounds. Incombustible gases such as carbon dioxide 
and steam are also evolved. Moisture evolved by heating to temperatures only slightly higher 
than the boiling point of water is not considered volatile matter, but the water formed as part 
of the thermal decomposition process (water that originally existed as a part of the coal 
substance but in a form other than water) is included. The amount and composition of the 
volatile matter evolved from coal is, of course, substantially different for the different ranks 
of coal, and the proportion of incombustible gases increases as the coal rank decreases.1,2 
In general, the thermal decomposition of coal is found to proceed in three stages. 
Stage 1 occurs at temperatures below 200°C. It is usually a slow reaction, and the principal 
volatile products are water, carbon dioxide, carbon monoxide, and hydrogen sulfide. Stage 
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2 occurs between about 350 and 550°C. These reactions tend to be fast. About 75% of all 
"volatile matter" released by the coal is evolved in this temperature interval. The principal 
products are light hydrocarbon gases as well as a variety of organic compounds which 
condense at room temperature to a tarry mixture. Stage 3 begins above 550°C. A variety of 
small gases molecules are formed, including water, carbon monoxide, hydrogen, methane, 
ethene, ethyne, and ammonia.4 The composition and quantity of volatile matter released 
above 800-850°C are of such little interest that studies of coal pyrolysis are not carried 
beyond 900-1000°C. 
Several variables affect the composition of pyrolysis products from a coal. One of the 
most important variables affecting that composition is the temperature.5 The role of 
temperature includes two primary effects, one on the decomposition of the coal and the other 
on the secondary reactions of volatiles. In the absence of secondary reactions, the yield of 
a given volatile component increases with increasing temperature, hence with the extent of 
the decomposition reactions producing that component. In the presence of secondary 
reactions, an increase in temperature will enhance the yield of some species and retard the 
yield of others. 
The ASTM definition for volatile matter6 is "those products, exclusive of moisture, 
given off by a material such as gas or vapor, determined by definite prescribed methods which 
vary according to the nature of the material." There are two ASTM methods for the 
determination of volatile matter, D 3175 and D 5142.7,8 The first test method, D 3175, is 
often referred to as the classical method. In this method the volatile matter is determined by 
measuring the weight loss, exclusive of moisture, when a one-gram sample of the analysis 
sample9 in a covered platinum crucible is inserted into a vertical tube furnace preheated to 
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950°C and held at this temperature for seven minutes. An alternative D 3175 test method for 
sparking coals allows for the heating of the analysis sample in a 600°C zone for six minutes 
before lowering the sample into the 950°C zone for six minutes. One must strictly adhere to 
the prescribed experimental conditions to obtain repeatable results. 
The newer ASTM method, D 5142, is an instrumental procedure that allows for the 
sequential determination of moisture, volatile matter, and ash on a single sample. In the 
determination of the volatile matter the dried sample resulting from the determination of 
moisture is heated at a 35-50°C rate to 950°C. The weight loss of the dried sample upon 
heating to 950°C in a nitrogen atmosphere is the volatile matter. In an alternative mode the 
volatile matter is determined by placing the dried samples in crucibles with self sealing covers 
in a 950°C furnace and heating them for seven minutes. The furnace must have an inert 
atmosphere, preferably nitrogen. 
For some ranks of coals there is definite bias between the volatile matter value 
determined by ASTM test method D 5142 and that determined by test method D 3175. This 
bias between the volatile matter values determined by different test methods, including ASTM 
and ISO test methods,10 has been known to exist for many years. Table 1 gives a comparison 
of dry volatile matter values determined by two different methods in a ten-laboratory round 
robin conducted on eight coals of widely differing ranks and two coke samples.11 The range 
of values obtained by the various laboratories is an indication of the problems associated with 
the measurement of volatile matter. This comparison is more clearly evident in the plot of the 
two different methods data shown in Figure 1. From this plot it can be seen the slight 
differences. 
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Table 1. Comparison of Volatile Matter Values from two ASTM Standard Methods.11 
D 3175 10 Lab D 5142 11 Lab 
Coal No. Average Range Average Range 
87008 1.03 0.43 - 1.43 0.99 0.44- 1.86 
86028 1.44 0.99 - 1.89 1.56 1.27- 2.05 
86026 23.73 22.26 - 24.64 22.85 22.48 - 23.96 
86041 27.25 26 56- 27 84 25.74 25.26 - 27.22 
85098 36.29 33.41 - 38.33 34.79 34.08 - 35.36 
86027 40.06 35.67 -48.94 38.80 37.49-42.17 
82040 40.23 38.18-41.21 37.56 36.49-39.49 
82084 40.75 39.59-42.44 40.54 39.56-41.27 
83021 46.27 42.66- 56.85 43.89 42.96 -46.31 
82045 50.74 45.64 - 55.10 43.72 42.78 -45.05 
Studies presenting similar trends in differences in the volatile matter values determined 
by the two ASTM test methods were conducted by Welch and Mellenger,12 Volatile matter 
values for five coal samples were determined by four independent laboratories. Two of the 
laboratories measured these values with thermogravimetric analysis (TGA) systems and two 
by the ASTM Method D 3175. All five sets of data showed relatively good agreement. The 
average values of the volatile matter determined by the TGA methods were slightly higher 
than the ASTM values in all five samples. The values did not, however, exceed the maximum 
allowable deviation for the volatiles required by ASTM specifications. 
In a more recently study, Karatepe and Kucukbayrak13 investigated the application of 
TGA to the proximate analysis of 24 Turkish lignites. The volatile matter values of the 24 
20 30 40 
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Figure 1. Comparison of volatile matter values from two ASTM Standards. 
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lignite samples determined by TGA were compared with those obtained by the ASTM 
method D 3175. The mean difference in volatile matter contents between the TGA and 
ASTM methods was 1.53% (the minimum and maximum differences were 0.1% and 4.6%, 
respectively), showing good agreement in the results. Also in this study the value of volatile 
matter determined by TGA was slightly higher than the ASTM value. 
However, several other studies presented a good correlation between the volatile 
matter values when different methods were applied. Elder14 made a study using a 
thermogravimetric instrument for the automatic proximate analysis of coal. Coals of varying 
ranks were tested. In this study precise, accurate data conforming to ASTM specifications 
was obtained. Other investigators also emphasized the accuracy and precision obtainable with 
the automated procedure, and have verified that the elaborate temperature programming of 
the TGA instrument is not required.15 
Gan16 determined the volatile matter values of five different coal blend samples using 
both the D 3175 ASTM method and a TGA system. The values and trends obtained from 
TGA were almost the same as those obtained from the ASTM method. 
Proximate analysis results of fourteen coal samples of widely differing properties 
obtained by Gumming and McLaughlin17 using thermogravimetric techniques were compared 
with those obtained by using British Standard Method. Similar results were obtained from 
both methods. 
Thermogravimetric analysis has been used extensively in coal analysis to achieve 
precise and accurate data. It has proven to be a valuable tool which provides sensitive, rapid 
and reproducible results.14,18 Thermogravimetric analysis provides the analyst with a 
quantitative measurement of the various weight loss processes associated with the physico-
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chemical structure of coals as well as the physico-chemical reactions that take place during 
such analysis processes. Changes in weight are a result of the rupture and/or formation of 
various chemical and physical bonds at elevated temperatures that lead to the evolution of 
volatile products.19 
For several years an ASTM D.05.21 task group has been examining various 
procedures for determining volatile matter in an effort to improve the precision of the current 
ASTM methods.10 Procedures such as pelletizing the coal samples, mixing inert materials 
with troublesome coals to reduce reactivity of coal, and tests using a ISO two-furnace method 
are some of the studies that have been conducted by this task group. The complexity of the 
problems associated with the determination of volatile matter has made it difficult for coal 
scientists to make effective improvements in the test procedures, even though a considerable 
amount of data has been collected. 
One variable that greatly affects the volatile matter determined in test procedures is 
the rate of heating of the sample during the test procedure/experiment. The furnace heating 
rate is one of the reasons, if not the principle reason, for the bias that exits between ASTM 
test methods D 5142 and D 3175. In a recent thermogravimetric analysis study by Calkins 
and coworkers20'21 it was determined that the rank of a coal can be estimated by the 
temperature at which pyrolysis and evolution of volatile matter reaches a maximum, thus 
indicating a relationship between the rate at which a certain temperature is reached and the 
amount of volatile matter produced. Calkins and coworkers also determined that the volatile 
matter produced in the TGA experiments was a function of the heating rate used in the 
experiments. 
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The pyrolysis of coal has been the subject of many studies, and a variety of models 
have been proposed. The early studies of coal pyrolysis by TGA utilized low heating rates 
in the range of 0.6-6°C/min.22 Continuing investigations23 utilized different heating rates in 
the range 40-160°C/min. In more recent studies investigators turned to rapid heating rates, 
as exemplified by the pyrolysis studies of Tyler,24 and Gibbins and Kandiyoti.25 
A detailed investigation was made of the thermal characteristics of six Kentucky 
bituminous coals undergoing pyrolysis in an inert atmosphere.26 In this study different heating 
rates of 20, 50, and 100°C/min using thermogravimetry were used, and a quantitative 
comparison to the thermal behavior of several coals was made. The authors in this study 
emphasized the importance of using a wide range of heating rates in thermoanalytical coal 
research to understand pyrolysis process and the weight loss characteristics of coal. 
Gavalas27, Khan28 and Coll29 in their studies related to thermal behavior of coal 
determined that the nature and proportions of the volatile matter obtained during pyrolysis 
of coal are affected by the heating rate and other experimental conditions. The yield of 
volatile matter substances using rapid heating rates is higher than that from slow heating 
rates.20 
The release of volatile matter from coal was studied by Chatterje. He showed that 
when coal is subjected to rapid heating rate, the amount of volatiles depends mainly on the 
hydrogen to carbon ratio of the coal.30 He then determined the effect of a slow heating 
process.31 It was found that the quantity of volatiles released by coal during slow heating 
differed from the amounts released by fast heating. When the coal was heated slowly, the 
volatile matter yield was decreased. 
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In this study the results from a series of experiments designed to examine the effect 
of heating rate on the value of the volatile matter determined for various ranks of coal are 
reported. The ultimate goal of the experiments is to identify the heating rate at which the 
volatile matter determined is independent of parameters such as the furnace used, containers 
used, and holding time. 
II EXPERIMENTAL 
In order to get better repeatability and achieve truly comparative analytical results 
from the different thermal analysis equipment, it was important during the study to determine 
and maintain constant experimental conditions. The different coal and coke samples were 
treated following standard methods. The establishment of the optimum instrumental 
conditions was also important. 
A. Sample Preparation 
Nineteen coals ranging in rank from anthracites to lignites and two cokes were used 
in this study. The origins of the coals and cokes are listed in Table 2 and analytical values for 
the individual samples are given in Table 3. The elemental composition of the different 
samples are summarized in Table 4, All samples elemental composition information was 
obtained from the coal bank data of the Coal and Fuel Laboratory at Western Kentucky 
University. The coal and coke samples were prepared according to the ASTM Method D 
2013. Only four samples were prepared at a time. The -8 mesh (2.36 mm) coals and cokes 
were pulverized to -60 mesh (250 //m) and further split with a Brinkmman Model PT 8-
position sample divider. Samples of -60 mesh coals were used in all thermal analysis studies. 
The samples were also stored in sealed containers in a refrigerator when they were not in use. 
All sample preparations were done by Joseph Riley, Jr. in the Coal and Fuel Characterization 
Laboratory at Western Kentucky University. 
11 
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Table 2. Rank and Sources of Coal and Coke Samples Used in the Study. 
Sample No. Rank Source 
87008 coke National Steel Corporation 
87009 coke National Steel Corporation 
85001 an AD Coal Co., Elizabethville, PA 
85003 an AD Coal Co., Elizabethville, PA 
92002 lvb Line Creek Mine, 3-Seam blend, Crows Nest Res., 
Sparwood, BC, Canada 
86038 mvb Etna Seam, Sand Mt. Mine, Marion Co., TN 
86041 mvb Lower Kittanning Seam, Cambria Co., PA 
83031 hvAb Union/Webster Co., KY 
95010 hvAb WKU Power Plant Sample 
82008 hvBb Tn-Coal Energies, Butler Co., KY 
82040 hvBb Peabody Coal Co., IL #6 Seam, washed 
90003 hvBb Herrin #6 Seam, washed 
82042 hvCb Star Coal Co., #3 Seam, Butler Co., KY 
86025 hvCb KY #9 Seam, Muhlenburg Co., KY 
85089 subA Coleto Creek Power, Fannin, TX 
82084 subA Western Energy Co., Colstrip, Montana 
82046 subB Big Horn Coal, Upper Monarch Diezt 3, Pit #1, 
Sheridan, WY 
85095 subB Cajun Power Sample, Baton Rouge, LA 
85088 subC San Miguel Power Sample, Jourdanton, TX 
83021 ligA Anderson Seam, Wyodak, Gillette, WY 
85092 ligA PRPS Coal, R&D Center Saskatchewan, Canada 
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Table 3. Analytical Parameters (As-Determined Basis) for Coal and Coke Samples 
Used in the Study. 
Sample No Rank Moisture Ash Vol. Matter 
87008 coke 0.62 9.00 0.63 
87009 coke 1.24 8.11 1.32 
85001 an 3.90 11.18 5.71 
85003 an 3.05 18.36 3.72 
92002 Ivb 1.82 9.26 19.92 
86038 mvb 1.76 9.12 26.81 
86041 mvb 2.32 11.11 25.74 
83031 hvAb 4.07 8.38 36.71 
95010 hvAb 2.71 7.05 36 56 
82008 hvBb 8.49 4.74 36.87 
82040 hvBb 9.16 10.71 35.42 
90003 hvBb 9.14 7.41 33.14 
82042 hvCb 10.36 7.65 31.70 
86025 hvCb 8.61 13.71 33.41 
85089 subA 15.24 4.82 32.13 
82084 subA 18.24 9.56 32.26 
82046 subB 23.75 5.18 31.29 
85095 subB 20.65 6.13 34.92 
85088 subC 22.30 17.57 31.86 
83021 ligA 31.66 4.89 29.07 
85092 ligA 30.99 16 36 27.52 
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Table 4. Elemental Composition of Coals and Cokes (Dry Basis) Used in the Study. 
Sample No. Rank Carbon Hvdroaen Nitrogen Sulfur Oxvgen 
87008 coke 87.19 0.00 1.29 0.68 0.00 
87009 coke 88.74 0.00 1.36 0.67 1.15 
85001 an 83.70 2.30 1.10 0.74 0.57 
85003 an 76.78 1.82 1.01 0.66 0.96 
92002 lvb 81.91 4.17 1.26 0.42 2.80 
86038 mvb 80.15 4.76 1.48 1.17 3.18 
86041 mvb 75.91 4.71 1.41 2.29 4.37 
83031 hvAb 76.13 5.06 1.63 2.88 5.61 
95010 hvAb 79.38 5.31 1.63 0.67 5.70 
82008 hvBb 77.67 5.25 1.67 1.48 8.87 
82040 hvBb 68.43 5.16 1.23 3.73 9.69 
90003 hvBb 75.07 5.21 1.64 1.26 8.32 
82042 hvCb 73,60 5.01 1.18 1.66 10.14 
86025 hvCb 64.98 5.16 1.41 4.31 9.21 
85089 subA 73.29 4.79 1.63 0.36 14.34 
82084 subA 68.35 4.75 1.04 1.08 13.14 
82046 subB 64.34 4 79 1.25 0.66 22.20 
85095 subB 68.41 4.92 0.88 0.58 17.46 
85088 subC 54.30 4.09 0.85 3.02 15.13 
83021 ligA 67.26 4.48 1.17 0.78 19.30 
85092 ligA 53.47 3.30 0.60 0.76 18.48 
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B. Instrumentation 
The analyses of the coal and coke samples were studied by using three different 
procedures, two of them using thermogravimetric analysis systems. The instrumentation 
used included a model TGA-501 Moisture, Ash, and Volatile Matter Analyzer from the 
LECO Corporation in St. Joseph, MI, a model TGA-7 Thermogravimetric Analyzer, from 
the Perkin-Elmer Corporation in Norwalk, CT, a Volatile Matter Programmer and Furnaces 
from Preiser Scientific in St. Albans, WV, and a model TGA-601 Moisture, Ash, and Volatile 
Matter Analyzer from the same LECO Corporation. 
1. LECO TGA-501 
1.1 Principle of Operation. The Thermogravimetric Analyzer TGA 501 is a macro 
thermogravimetric analysis system and a multiple sample determinator, which measures 
weight loss as a function of temperature in a controlled environment. The analyzer consists 
of an electronic unit for furnace control and data management and a multiple sample furnace 
which allows up to 19 samples to be analyzed simultaneously. The key in this analysis system 
is the LECO multiple sample furnace. The 19 position sample turntable and balance pan are 
located in the furnace. One to five gram samples are contained in ceramic or quartz crucibles. 
The balance has a sensitivity of 0.00025 gram. After an analysis profile is selected for this 
system empty crucibles are loaded into the furnace turntable. The profile controls the 
turntable operation, locating crucible position and establishing crucible tare. The starting 
sample weight is measured and stored automatically. Once all of the crucibles have been 
loaded, analysis begins. The weight loss of each sample is monitored, and the furnace 
temperature is controlled according to the selected analysis parameters.32 
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1.2 Experimental Procedure. A profile analysis allowing for the heating of the 
analysis sample at rates of 10, 20, 30, 40, 50, 60, and 99°C/min was used. All experiments 
were carried out in an inert atmosphere of nitrogen. One gram portions of the analysis sample 
were loaded into ceramic crucibles with self sealing covers and heated to the desired final 
temperature of 950°C and held at this temperature for 7 minutes. The temperature of the 
furnace was raised at the prescribed heating rate. Quadruplicate analyses were run on each 
coal and coke sample. Three volatile matter runs were run at a set temperature ramp on two 
separate days. The determination of the volatile matter value was calculated at the end of the 
7 minute period. 
2. Perkin-Elmer Model TGA-7 System 
2.1 Principle of Operation. The TGA-7 Thermogravimetric Analyzer is a micro 
TGA system that permits the measurement of weight changes in a sample material as a 
function of temperature or time. Under computer control, TGA-7 is programmed from an 
initial to a final temperature and measures weight changes resulting from chemical reactions, 
decomposition, water evolution, etc. This TGA-7 system consists of two major components: 
a sensitive ultramicrobalance and a furnace element. The microbalance is extremely sensitive, 
capable of detecting weight changes as small as 0.1 fj.g, with a maximum capacity of 1300 
milligrams. The null balance design of this microbalance uses a servo-controlled torque motor 
to automatically compensate for weight changes in the sample material. The amount of the 
current necessary to maintain the system in the "null" state is directly proportional to the 
weight change in the sample. The sample is placed in a sample pan that is attached to the 
automatic-recording balance. The automatic balance incorporates a sensing element which 
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detects a deviation of the balance beam from its null position. The sample container is 
mounted inside a pyrex housing inside the furnace. The furnace element allows operation of 
the TGA-7 from ambient to 1000°C. The furnace element is a small, platinum-wound 
microfurnace which allows rapid heating and cooling rates (up to 200°C/min). This 
microfurnace functions as both a heater and a resistance thermometer, detecting its own 
temperature and supplying power to heat the sample. This design makes it possible to obtain 
extremely sensitive control and precision.33 
2.2 Experimental Procedure. All analysis samples (250 //m particle size) of coal and 
coke were used without further preparation. Sample sizes of 10 milligrams were used. The 
atmosphere used for the runs was nitrogen. During the studies, the flow rates of nitrogen 
were fixed at 100 cc/min. Before heating, the system was flushed with dry nitrogen for 5 
minutes to remove all traces of oxygen. The furnace was then turned on and the temperature 
was raised from 25 to 950°C ± 20°C and held there for 7 minutes. The scans were carried 
out at different heating rates of 50, 100 and 200°C/min. After 7 minutes, the constant weight 
was used to calculate the volatile matter content of the sample. 
3. Preiser Scientific Volatile Matter Apparatus 
3.1 Principle of Operation. This type of apparatus is typically used in the 
determination of volatile matter by the classical method D 3175. The Preiser Scientific 
Volatile Matter Apparatus consists of a vertical electric furnace which is regulated to maintain 
a temperature of 950°C ± 20°C in the crucible. Such temperature is measured by a 
thermocouple positioned in the furnace. 
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3.2 Experimental Procedure. Two different procedures were used for the volatile 
matter determination: a method for the nonsparking coals and cokes and a method for 
sparking coals. In both methods, one gram portions of the analysis sample were used in 
platinum crucibles with close fitting lids. The volatile matter was calculated by taking the 
percentage weight loss minus the percentage moisture. 
3.21 Procedure for Nonsparking Coals and Cokes. One gram of the analysis sample 
was loaded into a preweighed platinum crucible and inserted into the furnace chamber where 
the temperature was maintained at 950°C ± 20°C and held there for 7 minutes. After that 
period of time, the crucible was removed from the furnace and cooled. The crucible was 
weighed as soon as it was at room temperature. 
3.22 Procedure for Sparking Coals. This procedure was used for all low-rank 
noncaking coals (85089, 82084, 82046, 85095 and 85088) and lignites (83021 and 85092). 
In this procedure the crucible was first placed in a zone of the furnace where the temperature 
was 600°C and held there for 6 minutes. Then the crucible was lowered into the 950°C zone 
and heated for another 6 minutes. After that heating time, the crucible was removed and 
cooled for a period of 10 minutes.7 
4. LECO TGA-601 
4 1 Principle of Operation. The Thermogravimetric Analyzer TGA-601 is an 
advanced macrothermogravimetric system. It is similar to the LECO TGA-501 system with 
the difference that it provides more precise and accurate data. With this instrument a balance 
precision of 0.0001 gram can be achieved. In general the instrument provides a precision of 
±0.03% (1 sigma, inert sample).34 
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4.1 Experimental Procedure. In these experiments the same experimental conditions 
used in LECO TGA-501 were used. Here, a profile allowing for the heating of the analysis 
sample at rates of 10, 20, 30, and 40°C/min was used. One gram portions of the analysis 
sample were heated from 25 through 950°C in nitrogen and at the prescribed heating rate. 
III. RESULTS AND DISCUSSION 
Figure 2 is a comparison of TG weight loss curves on a percentage basis, for the 
quadruplicate analysis of the 86025 coal (low volatile bituminous coal) as a function of the 
sample temperature at a heating rate of 50°C/min. The weight loss resulting from heating the 
sample at ramp rate of 50°C/min to 950°C in nitrogen defines the amount of volatile matter 
in the coal. From Figure 2 one can see the similarity of the four weight loss curves obtained 
with the LECO TGA-501 system. As one can also see there is little difference between the 
four TG weight loss curves. The volatile matter values obtained for each analysis are: 31.11, 
31.17, 31.10 and 31.28. From these values the similarity of the results can also be seen. The 
average of the four different results was calculated to be 31.17. Similar treatment of the 
results at different heating rates of 10, 20, 30, 40, 50, 60 and 99°C/min was done for the 21 
coal and coke samples. 
Table 5 lists the volatile matter as a function of the heating rate for the 21 samples, 
as determined with the TGA-501 system. Those volatile matter values are also reported on 
a dry basis in Table 6. Although heating rates of 60 and 99°C/min can be set on the TGA-
501, the real heating rates for the system in the Coal and Fuel Laboratory levels off around 
40-50°C due to the voltage (208) and actual line current it has. One can see from the data 
in Table 5 that, in general, the volatile matter values increase several percent with increasing 
heating rate for bituminous coals, decrease for the cokes and anthracites, and remain relatively 
constant for subbituminous and lignitic coals. 
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Table 5. Volatile Matter Values (As-Determined Basis) as a Function of the Heating 
Rate (°C/min) for Coal and Coke Samples Using the LECO TGA-501 System. 
Sample No. 10° 20° 30° 40° 50° 60° 99° 
87008 2.22 1.54 1.14 1.36 1.31 1.38 1.15 
87009 3.40 2.44 2.18 2.28 2.23 2.12 1.75 
85001 7.80 6.96 6.76 7.02 6,83 6.95 5.97 
85003 6.23 5.22 4.98 5.21 4.99 5.14 4.50 
92002 17.74 17.90 18.64 19.61 18.84 19.60 18,80 
86038 21.80 22.73 23.34 24.79 24.16 24.84 24.96 
86041 21.84 22.73 23.32 24.71 23.99 24.66 24.93 
83031 31.03 32.18 33.31 34.71 34.06 34.72 35.10 
95010 31.14 32.06 33.18 33.82 33.67 34.00 34.31 
82008 31.44 32.15 33.48 34.50 33.80 34.46 33.62 
82040 30.63 31.27 32.51 33.15 33.01 33.28 32.72 
90003 27.82 29.12 30.20 30.77 30.67 30.76 30.85 
82042 27.94 27.46 27.01 29.46 29.86 29.61 30.25 
86025 29.49 30.34 29.75 31.32 31.17 31.52 32.04 
85089 31.50 30.25 29.32 31.69 30,85 31.88 32.04 
82084 32.41 31.66 31.05 32.42 32.33 32.44 32.94 
82046 29.95 29.83 29.35 30.94 31.10 30.80 30,89 
85095 34.34 34.23 33,83 35.12 35.15 35.15 34.99 
85088 31.67 31.12 30.87 31.59 31.91 31,54 32.02 
83021 29.25 28.75 28,10 29.57 37.70 29.37 29,57 
85092 27.92 26.40 25,74 26.79 27.21 26.77 27.14 
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Table 6. Volatile Matter Values (Dry Basis) as a Function of Heating Rate (°C/min) 
for Coal and Coke Samples Using the LECO TGA-501 System. 
Sample No. 10° 20° 30° 40° 50° 60° 99° 
87008 2.23 1.55 1.15 1.37 1.32 1.39 1.16 
87.009 3.44 2.47 2.21 2.31 2.26 2.15 1.77 
85001 8.12 7,24 7.03 7.30 7.11 7.23 6.21 
85003 6.43 5.38 5.14 5.37 5.15 5.30 4.64 
92002 18.07 18.23 18.99 19.97 19.19 19.96 19.15 
86038 22.19 23.14 23.76 25.23 24.59 25.29 25.41 
86041 22.36 23.27 23.87 25.30 24.56 25.25 25.52 
83031 32.35 33,55 34.72 36.18 35.51 36.19 36.59 
95010 32.01 32.95 34.10 34.76 34.61 34.95 35.27 
82008 34.36 35.13 36.59 37.70 36.94 37.66 36.74 
82040 33.72 34,42 35.79 36.49 36.34 36.64 36.09 
90003 30.62 32.05 33.24 33.87 33.76 33.85 33.95 
82042 31.17 30.63 30.13 32.86 32.31 33.03 33.75 
86025 32.27 33.20 32.55 34.27 34.11 34.49 35.06 
85089 37.16 35.69 34.59 37.39 36.40 37.61 37.80 
82084 39.64 38.72 37.98 39.65 39.54 39.68 40.29 
82046 39.28 39.12 38.49 40.58 40.79 40.39 40.51 
85095 43.28 43.14 42.63 44.26 44.30 44.10 44.15 
85088 40.76 40.05 39.73 40.66 41.07 40.59 41.29 
83021 42.80 42.07 41.12 43.27 40.53 42.98 43.27 
85092 40.46 38.26 37.30 38.82 39.43 38.79 39.33 
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Thermogravimetric heating curves (TG-DTG) for the 82040 (high volatile B 
bituminous) coal sample are shown in Figures 3, 4 and 5. The three thermogravimetric curves 
are at different heating rates: Figure 3 is a thermogram obtained at 50°C/min, Figure 4 at 
100°C/min and Figure 5 at 200°C/min. These thermograms were obtained using the Perkin-
Elmer Model TGA-7 system under the conditions given above. Each figure shows the 
analysis of the pyrolysis of the 82040 coal sample. One can follow the transition through the 
pyrolysis process by noticing changes in both the TG curve showing weight loss and the DTG 
curve showing rate of weight loss. In these figures two different thermodecomposition 
stages are observed, represented by the two peaks on the DTG curve. The initial low 
temperature peak on the DTG curve (first thermodecomposition stage) shows a correlation 
with the primary devolatilization, in which the inherent moisture is released. The second 
thermodecomposition stage (second peak on the DTG curve) is caused by the secondary 
degasification, in which the volatile matter content is released. As shown in Figures 3, 4 and 
5 the yield of volatile matter increases as the heating rates increase for bituminous coals. This 
is due to the coal being heated very rapidly to temperatures in excess of those required to take 
the bituminous coal through the plastic state. If the coal is heated to the plastic state before 
loss of volatile liquids which make up the volatile matter, extensive solubilization of the solid 
matrix can take place. This increases the volatile matter yields. At low heating rates the slow 
discharge of volatile liquid components, which make up the volatile matter, will reduce the 
quantity and types of liquids available for solubilization. Thus the volatile matter yields are 
reduced at the lower heating rates. 
Sample Weight: 9.934 mg 
82040-50A 82040-50A 
0.0 5.0 
RAMP 50C/MIN TO 950, N2 100ML/MIN 
10.0 15.0 2 0 . 0 
Time (minutes) VANES 
PERKIN-ELMER 
25.0 
Figure 4. Thermogram for the pyrolysis of coal 82040 at a heating rate of 100°C/min. 
Sample Weight: i0.26i mg 
82040 82040 
RAMP 100C/MIM TO 950. N2 100HL/ML\< Time (minutes) YANES 
PERK It (-ELMER 
Figure 4. Thermogram for the pyrolysis of coal 82040 at a heating rate of 100°C/min. to 0\ 
Sample Weight: iO.Oli mg 
82040 8 2 0 4 0 
HAMP 200C/MIN TO 950. N2 iOOML/MIN Time (minutes) YAMES 
PEHKIM-ELMER 
Figure 4. Thermogram for the pyrolysis of coal 82040 at a heating rate of 100°C/min. 
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The volatile matter values obtained with the Perkin-Elmer TGA-7 system are 
summarized in Table 7. From the data in this table one can see that the volatile matter values 
for bituminous coals continue to increase as the heating rate is increased above 100°C/min. 
These volatile matter values are also reported on a dry basis in Table 8. 
Volatile matter values for the 21 coal and coke samples, as determined with the 
Preiser Scientific Volatile Matter Apparatus, are listed in Table 9. Also the values on a dry 
basis are reported in this table. 
A more informative way of examining the thermal behavior of the 21 different coal 
and coke samples, and mainly the volatile matter data, is through plotting the changes of 
volatile matter as a function of the heating rate. Figures 6, 7, and 8 contain these types of 
plots. Figure 6 shows the behavior of the coke, low volatile bituminous coals and anthracites 
samples. Figure 7 shows the behavior of high volatile bituminous coal samples and Figure 8 
the behavior of subbituminous and lignitic coals. In these plots data from Table 4 were used 
for the heating rates up to 50°C, from Table 6 for the 100-200°C heating rates and from Table 
8, as determined with the ASTM Method D 3175, for the 420°C heating rate. The 
420°C/min heating rate is the rate determined for the Preiser volatile matter furnaces. 
The plots in Figures 6-8 reflect the statement made above about the general behavior 
of coals. One surprising trend noted in the plots is the initial decrease in volatile matter values 
with increasing temperature for low rank coals, as is illustrated in Figure 8. All the values for 
the 10-50°C/min heating rates were run on two successive days, so factors such as changes 
in the moisture values, changes in the operating conditions for the furnace, etc., should not 
be a factor. The amount of moisture in the samples could be a factor, one that will be 
investigated in future work. 
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Table 7. Volatile Matter Values (As-Determined Basis) as a Function of the TGA 
Heating Rate for Bituminous Coals Using the Perkin-Elmer TGA-7 System. 
Sample No. Rank 50°C/min 100°C/min 200°C/min 
92002 Ivb 20.4 20.09 19.42 
86038 mvb 26.54 26.98 27.60 
86041 mvb 25.90 26.74 27.17 
83031 hvAb 34.60 35.43 37.61 
95010 hvAb 34.34 35.15 34.36 
82008 hvBb 34.16 33.76 33.83 
82040 hvBb 34.14 34.47 35.02 
82042 hvCb 29.02 29.15 29.66 
86025 hvCb 33.72 33.66 33.94 
Table 8. Volatile Matter Values (Dry Basis) as a Function of the TGA Heating Rate 
for Bituminous Coals Using the Perkin Elmer TGA-7 System. 
Sample No. Rank 50°C/min 100°C/min 200°C/min 
92002 Ivb 20.78 20.46 19.78 
86038 mvb 27,02 27 46 28.09 
86041 mvb 26.52 27.38 27.82 
83031 hvAb 36.07 36,93 39.21 
95010 hvAb 35.30 36.13 35.32 
82008 hvBb 37.33 36.89 36.97 
82040 hvBb 37.58 37.95 38.55 
82042 hvCb 32.37 32.52 33.09 
86025 hvCb 36.90 36.83 37.14 
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Table 9. Volatile Matter Values for Coal and Coke Samples Determined at 420°C/min 
Heating Rate Using ASTM Method D 3175. 
Sample No. Rank As-Determined Basis Dry Basis 
87008 Coke 0.63 0.63 
87009 Coke 1.32 1.34 
85001 an 5.71 5.94 
85003 an 3.72 3.84 
92002 Ivb 19.92 20.29 
86038 mvb 26.81 27.29 
86041 mvb 25.74 26.35 
83031 hvAb 36.71 38.27 
95010 hvAb 36.56 37.58 
82008 hvBb 36.87 40.29 
82040 hvBb 35.42 38.99 
90003 hvBb 33.14 36.47 
82042 hvCb 31.70 35.36 
86025 hvCb 33.41 36.56 
85089 subA 32.13 37.91 
82084 subA 32.26 39.46 
82046 subB 31.29 41.04 
85095 subB 34.92 44.01 
85088 subC 31.86 41.00 
83021 ligA 29.07 42.54 
85092 ligA 27.52 39.88 
0 50 100 150 200 250 300 350 400 450 
Heating Rate, Deg/Min 
•R-87008 -4-87009 85001 085003 -^92002 -^86038 *86041 
Figure 6. Volatile matter changes as a function of the heating rate for cokes, 
low volatile bituminous coals, and anthracites. 
0 50 100 150 200 250 300 350 400 450 
Heating Rate, Deg/Min 
•{-+83031 -4-95010 -Ar82008 O82040 -¥-90003 -^82042 «-86025 
Figure 7. Volatile matter changes as a function of the heating rate for high volatile bituminous coals. 
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Figure 8. Volatile matter changes as a function of the heating rate for subbituminous and lignitic coals. 
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Because of the variability of the volatile matter values in the 10°C/min to 50°C/min 
heating rate, it was necessary to study again the volatile matter content of the different 
samples in that heating rate range. In this case the LECO TGA-601 was used. 
Table 10 summarizes the results obtained with the LECO TGA-601 for the 21 coal 
and coke samples. From these data it can be seen that the volatile matter values and trends 
for the different samples are almost the same as those presented in Table 4 in the 10-50°C 
heating rate range. So, it reconfirms the real behavior of the coals and cokes. Those volatile 
matter values listed in Table 10 are also reported on a dry basis in Table 11. A clearer way 
of illustrating these similar values and trends is through the plots in Figures 9, 10 and 11. 
These figures are similar to Figures 6-8, with the difference that here the new values obtained 
with the LECO TGA-601 are included. From the plots in Figures 9-10 one can see that the 
variability of the volatile matter values is still present in the range of 10-50°C heating rate. 
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Table 10. Volatile Matter Values (As-Determined Basis) as a Function of the Heating 
Rate (°C/min) for Coal and Coke Samples Using the LECO TGA-601 System. 
Sample No. 10° 20° 30° 40° 
87008 2.39 1.50 1.00 1.07 
87009 3.02 2.18 1.79 1.86 
85001 7.28 6.54 6.13 6.10 
85003 5.79 5.00 4.57 4.61 
92002 17.40 18.04 18.27 18.67 
86038 21.54 22.47 22.94 23.47 
86041 21.88 22.82 23.18 23.54 
83031 31.42 32.91 33.47 34.11 
95010 30.93 32.10 32.55 33.41 
82008 31.22 32.88 33.41 33.94 
82040 29.97 31.76 32.32 32.97 
90003 27.21 29.24 29.83 30.42 
82042 26.15 27.41 28.16 29 13 
86025 28.74 29.82 30.27 31.20 
85089 30.46 30.38 30.68 31.32 
82084 31.72 31.77 31.86 32.41 
82046 29.66 29.21 29.82 30,49 
85095 34.03 33.71 33.90 34.53 
85088 31.10 31.37 31.57 31.66 
83021 29.50 28.66 28.81 28.56 
85092 26.85 25.85 25.98 26.09 
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Table 11. Volatile Matter Values (Dry Basis) as a Function of the Heating Rate 
(°C/min) for Coal and Coke Samples Using the LECO TGA-601 System. 
Sample No. 10° 20° 30° 40° 
87008 2.40 1.51 1.01 1.08 
87009 3.06 2.21 1.81 1.89 
85001 7.57 6.80 6.38 6.35 
85003 5.97 5.16 4.71 4.76 
92002 17.17 18.35 18.59 18.99 
86038 21.92 22.87 23.35 23.89 
86041 22.38 23.38 23.71 24.08 
83031 32.51 34.05 34.63 35.29 
95010 31.74 32.94 33.40 34.28 
82008 34.07 35.88 36.46 37.04 
82040 32.93 34,89 35.51 36.22 
90003 29.88 32.11 32.76 33.41 
82042 29.17 30.57 31.41 32.49 
86035 31.40 32.58 33.18 34.08 
35089 35.88 35.79 36.14 36.89 
82084 38.68 38.74 38.85 39.52 
82046 38.50 37,92 38.71 39.58 
85095 42.69 42.29 42.53 43.32 
85088 39.67 40.02 40.27 40.39 
83021 42.64 41.43 41.64 41.28 
85092 38.61 37.17 37.36 37.52 
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Figure 9. Confirmation of volatile matter changes as a function of the heating rate 
for cokes, low volatile bituminous coals, and anthracites. U) -o 
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Figure 10. Confirmation of volatile matter changes as a function of the heating rate 
for high volatile bituminous coals. 
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Figure 11. Confirmation of volatile matter changes as a function of the heating rate 
for subbituminous and lignitic coals. 
IV. CONCLUSIONS 
When coal is heated, it undergoes chemical changes. Certain types of coal also exhibit 
physical changes when subjected to the influence of heat. Generally, the coal becomes 
"plastic" and softens. This behavior is assumed to be a result of the rupture of chemical bonds 
in the coal, which allows a higher degree of mobility and fluidity of some of the 
decomposition products. As the temperature rises, this fluid material gradually escapes by 
evaporation and/or further thermal decomposition into volatile products. The plastic state of 
the coal is dependent on heating rate and determines the degree of the evolution of the 
volatile matter. The higher the rate of heating, the more fluid coal becomes, promoting at the 
same time larger volatile yields by avoiding secondary reactions (the volatile matter content 
escapes at sufficient speed preventing cracking, capture and repolymerization). 
The volatile matter for all bituminous coals determined by the test method D 3175 is 
higher than that obtained with the D 5142 method due to the difference in the residence time 
of the plastic state of coal when it is heated. All bituminous coals are plastic coals. Using the 
D 3175 method the plastic state of coal is reached before extensive loss of volatile liquids. 
The liquids then are able to solubilize the coal matrix, giving greater volatile matter yields. 
Other observations and conclusions based on the information generated from this 
investigation are as follows: 
The value of the volatile matter determined for every coal and coke sample tested is 
dependent on the heating rate in the range of 10°C/min to about 400°C/min. 
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The value of the volatile matter determined is most variable in the 10°C/min to 
50°C/min heating rate. 
For cokes and anthracites the determined volatile matter decreases with an increase 
in heating rate in this range. 
For most bituminous coals the determined volatile matter increases with an increase 
in heating rate in this range. 
For subbituminous, lignitic, and some high volatile C bituminous coals the determined 
volatile matter value decreases and then increases as the heating rate is increased from 
10°C/min to 50°C/min. 
The optimum heating rate for determining the volatile matter, with minimum 
variability in the value determined, appears to be in the 100-150°C/min range. This 
heating rate range also appears to be applicable to a wider range of coals. 
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